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In the present work, we investigate the effects of short-range correlations (SRC) on the dimension-
less deformability of the binary neutron system related to the GW170817 event. We implemented
phenomenological SRC in a relativistic mean-field model in which the bulk parameters, namely,
incompressibility (K0), effective nucleon mass ratio (m
∗), symmetry energy (J) and its slope (L0),
are independently controlled. Our results point out that the SRC favor the model to pass through
the constraints, established by the LIGO/Virgo Collaboration, on the values of Λ1.4 and on the
Λ1 × Λ2 region. We also found a clear linear correlation between Λ1.4 with K0 and L0 (increasing
dependence), and with m∗ and J (decreasing dependence). Finally, we also obtained compatible
numbers for R1.4 (model with and without SRC) in comparison with recent data from the Neutron
Star Interior Composition Explorer (NICER) mission.
PACS numbers: 21.30.Fe, 21.65.Cd, 26.60.Kp, 24.10.Jv
I. INTRODUCTION
A widely approach used to treat many-nucleon sys-
tems (nuclei, for example) is based on the construction
of nuclear interactions, such as the one pion exchange
potentials, in which the free parameters are adjusted
to reproduce, for example, experimental data involved
in the simplest bound nuclear system used to study
the nucleon-nucleon interaction, namely, the deuteron
(proton-neutron pair). This system has bound state en-
ergy of around 2 MeV [1, 2], electric quadrupole mo-
mentum of 2.82 mb [3], magnetic momentum given by
0.86 mn [4], and it is described by a spin 1 and isospin 0
triplet state. From the knowledge of this interaction, it is
possible to treat nuclei by using the Brueckner-Hartree-
Fock [5, 6] method, for example. From another perspec-
tive, it is also possible to describe nuclei from the so-
called “nuclear shell model” (or “independent particle
model”) [7], in which it is considered, at first order, that
each nucleon moves independently and is affected by an
average potential due to the remaining nucleons. From
the solution of the Schro¨dinger equation, the energy lev-
els of the independent nucleon submitted to the average
potential V (r) are determined. Possible options for V (r)
include the Woods-Saxon potential [8, 9], the harmonic
oscillator, or even the finite square well potential.
The shell model is successful, for example, in describing
stable nuclei having proton or neutron numbers given by
2, 8, 20, 28, 50, 82, 126 (magic numbers). For these cases,
the model predicts nuclei with filled shells. However,
knockout proton reactions experiments [10, 11] show that
the nucleon-independent particle behavior, in which the
shell model is based on, occurs to about 70% of nucleons
in valence states. Non-independent nucleons correlate
in pairs with high relative momentum due to the short-
range components of the nuclear interaction. These cor-
relations are called short-range correlations (SRC) [12–
25]. Experiments performed at the Thomas Jefferson
National Accelerator Facility (JLab) concluded that for
the 12C nucleus, 20% of the nucleons present SRC and,
within this set, 90% of the correlated pairs are neutron-
proton (np) type [26]. The remaining pairs are divided
into 5% for each nn and pp pairs. The experiments con-
sist of very energetic incident protons, or electrons, in the
12C nucleus. In the collision, it is found that a proton is
simultaneously removed with another correlated nucleon,
in this case, a neutron more frequently. The dominance
of the correlated np pair is also observed in proton re-
moval experiments in heavier nuclei, and even in those
with more neutrons, as verified in experiments involv-
ing 27Al, 56Fe, and 208Pb [27] nuclei. The predominance
of the specific np pair, or in other words, deuteron-like
pairs, is justified as a direct consequence of the tensor
part of the nuclear interaction [28, 29].
The implications of SRC, and more specifically, of the
predominance in the np pair formation, are diverse. For
example, in the analysis of neutrino scattering by cor-
related nucleons [30, 31], in the momentum distribution
of the quarks that form these pair [32, 33], and also in
nuclear matter.
In this work, we focus on the effects of the SRC in the
dimensionless tidal deformability (Λ) of the neutron star
system related to the GW170817 event [34–41]. Such a
recent observation of gravitational waves emission, from
the binary neutron star merger event, observed on 17 Au-
gust 2017, offered an opportunity to a deep understand-
ing of the stellar matter equation of state (EoS), since
it provided important constraints that reliable models
should satisfy. In Sec. II, we present the structure of
the relativistic mean-field (RMF) model, with SRC in-
cluded, used to obtain the stellar matter EoS and for
the calculation of Λ. In Sec. III, we show the influence
of the SRC on the deformability of the neutron star bi-
nary system. In particular, the results point out that the
SRC favor the model to reach the GW170817 constraints.
Another interesting result of our study is the clear linear
correlations exhibited between the nuclear matter bulk
parameters and the deformability. Finally, we present
the summary and concluding remarks in Sec. IV.
2II. RELATIVISTIC MEAN-FIELD MODEL
INCLUDING SHORT-RANGE CORRELATIONS
Probes of the short-range correlations can be verified
from the analysis of the nucleon momentum distribution
functions in several nuclei [42] such as 2H, 4He, 16O,
40Ca, besides 12C, 56Fe, and 208Pb, previously cited. The
SRC imply a decrease in the occupation of the states
below the Fermi level and a partial occupation in the
states above it. Consequently, the momentum distribu-
tion function of nucleons, n(k), is different from the step
function of a Fermi gas of independent particles, as de-
picted in Fig. 1 of Ref. [43], for instance. The marked area
in that figure corresponds to the region of the so-called
“high momentum tail” (HMT), in which n(k) depends
on k as n(k) ∼ k−4.
In Ref. [43], the authors proposed the implementation
of the HMT in the equations of state of the relativistic
mean field model presenting third and fourth order in
the scalar field σ, second and fourth order in the vec-
tor field ω, and interaction between the ρ and ω mesons.
Basically, the effect of the HMT is to change the kinetic
momentum integrals of the model by replacing the tra-
ditional Fermi gas step functions by the new n(k) dis-
tributions, in this case, given by nn,p(kF , y) = ∆n,p for
0 < k < kF n,p and nn,p(kF , y) = Cn,p(kF n,p/k)
4 for
kF n,p < k < φn,pkF n,p. The proton fraction is given
by y = ρp/ρ, with ρp being the proton density, and
ρ = 2k3F /(3π
2) the total one.
In this work, we use the model constructed in Ref. [43]
that presents ∆n,p = 1 − 3Cn,p(1 − 1/φn,p), where
Cp = C0[1 − C1(1 − 2y)], Cn = C0[1 + C1(1 − 2y)],
φp = φ0[1−φ1(1−2y)] and φn = φ0[1+φ1(1−2y)]. Fur-
thermore, we also use C0 = 0.161, C1 = −0.25, φ0 = 2.38
and φ1 = −0.56. These values are determined from anal-
ysis of d(e, e′, p) reactions, medium-energy photonuclear
absorptions, (e, e′) reactions, and data from two-nucleon
knockout reactions as described in Ref. [44]. The energy
density and pressure of the RMF model with SRC imple-
mented from such an approach are given, respectively,
by
ǫ =
m2σσ
2
2
+
Aσ3
3
+
Bσ4
4
−
m2ωω
2
0
2
−
Cg4ωω
4
0
4
−
m2ρρ¯
2
0(3)
2
+ gωω0ρ+
gρ
2
ρ¯0(3)ρ3 −
1
2
α′3g
2
ωg
2
ρω
2
0ρ¯
2
0(3) + ǫ
p
kin + ǫ
n
kin(1)
and
p = −
m2σσ
2
2
−
Aσ3
3
−
Bσ4
4
+
m2ωω
2
0
2
+
Cg4ωω
4
0
4
+
m2ρρ¯
2
0(3)
2
+
1
2
α′3g
2
ωg
2
ρω
2
0 ρ¯
2
0(3) + p
p
kin + p
n
kin, (2)
with the following kinetic contributions
ǫn,pkin =
γ∆n,p
2π2
∫ kF n,p
0
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Since the mean-field approximation is taken, σ, ω0 (zero
component) and ρ¯0(3) (isospin space third component)
are the expectation values of the mesons fields in the ex-
pressions above. We also use here thatmω = 782.5 MeV,
mρ = 763 MeV and mσ = 500 MeV. The effective nu-
cleon mass is defined by M∗ = Mnuc − gσσ, the de-
generacy factor is γ = 2 for asymmetric matter, and
Mnuc = 939 MeV is the nucleon rest mass. The self-
consistency of the model imposes to M∗ the condition of
M∗ −Mnuc + (g
2
σ/m
2
σ)ρs − (A/m
2
σ)σ
2 − (B/m2σ)σ
3 = 0,
with ρs = ρsp + ρsn and
ρsn,p =
γM∗∆n,p
2π2
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(5)
The remaining field equations for ω0 and ρ¯0(3) are
m2ωω0 = gωρ − Cgω (gωω0)
3
− α′3g
2
ωg
2
ρρ¯
2
0(3)ω0 and
m2ρρ¯0(3) = gρρ3/2− α
′
3g
2
ωg
2
ρρ¯0(3)ω
2
0 .
Six free coupling constants, namely, gσ, gω, gρ, A,
B, and α′3 are determined in order to reproduce six
bulk parameters identified as ρ0 = 0.15 fm
−3 (satu-
ration density), B0 = −16.0 MeV (binding energy),
m∗ ≡M∗0 /Mnuc = 0.60 (ratio of the effective mass to the
nucleon rest mass), K0 = 230 MeV (incompressibility),
J = 31.6 MeV (symmetry energy) and L0 = 58.9 MeV.
Here, one has B0 = E(ρ0) −M , M
∗
0 = M
∗(ρ0), K0 =
9(∂p/∂ρ)ρ0, J = S(ρ0), and L0 = 3ρ0(∂S/∂ρ)ρ0 , with
S(ρ) = (1/8)(∂2E/∂y2)|y=1/2 and E(ρ) = ǫ/ρ. The last
free parameter, namely, C is chosen to be C = 0.005
instead of C = 0.01 from Ref. [43]. The former value en-
sures that the model predicts neutron stars with masses
around 2 solar masses.
In order to complete the equations needed to con-
struct the stellar matter, we present the chemical po-
tentials for protons and neutrons. They are given by
µn,p = ∂ǫ/∂ρn,p = µ
n,p
kin(SRC)+∆n,pµ
n,p
kin+gωω0±gρρ¯0(3)/2,
3with µn,pkin = (k
2
F n,p +M
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µn,pkin (SRC) = 3Cn,p
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kF n,p +
(
k2F n,p +M
∗2
)1/2

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(6)
In the first equation, the sign (+) stands for protons and
(−) for neutrons.
From Eqs. (3) and (4) one sees that the SRC induce
an extra term in the kinetic contributions of the model.
The scalar density, Eq. (5), is also modified in the same
direction, and the kinetic part of the chemical potentials
of the model changes as µn,pkin → µ
n,p
kin(SRC) +∆n,pµ
n,p
kin
III. RESULTS: DEFORMABILITY
CALCULATIONS (GW170817 EVENT)
In order to determine properties related to the neu-
tron star system, it is needed to take into account charge
neutrality and β-equilibrium conditions. We consider
stellar matter composed by protons, neutrons, electrons
and muons, with the last leptons emerging when the
electron chemical potential exceeds the muon mass, i.e.,
for µe = (3π
2ρe)
1/3 > mµ = 105.7 MeV (ρe is the
electron density). Such assumptions lead to the con-
straints given by µn − µp = µe = µµ and ρp − ρe =
ρµ = [(µ
2
µ −m
2
µ)
3/2]/(3π2), which have to be coupled to
the field equations coming from the RMF model. The
chemical potential and density for the muons are given,
respectively, by µµ and ρµ. The total energy density
and pressure of stellar matter are E = ǫ + ǫe + ǫµ and
P = p + pe + pµ, respectively, with ǫl and pl being the
energy density and pressure of the lepton l = e, µ. Some
neutron star properties, such as its mass-radius pro-
file, can be found by solving the Tolman-Oppenheimer-
Volkoff (TOV) equations [45, 46].
The spherically symmetric neutron star is composed
of a core, described here by the RMF model previously
presented along with the leptons considered, and a crust,
divided into outer and inner parts. We model the for-
mer by the Baym-Pethick-Sutherland (BPS) equation of
state [47] in the density region of 6.3×10−12 fm−3 6 ρ 6
2.5 × 10−4 fm−3 [48, 49]. For the inner part, we use the
polytropic form given by P (E) = A +BE4/3 [43, 48, 50,
51] in a range of 2.5 × 10−4 fm−3 6 ρ 6 ρt, where ρt is
the density associated to the core-crust transition found,
in our case, by the thermodynamical method [52–55].
For both versions of the model, namely, with and
without SRC included, we found a maximum neu-
tron star mass of Mmax = 2.05M⊙ and Mmax =
1.96M⊙, respectively. All of them are compatible
with the limits of (1.928 ± 0.017)M⊙ [56, 57], (2.01 ±
0.04)M⊙ [58], 2.14
+0.20
−0.18M⊙ (95.4% credible level) [59]
and of 2.14+0.10
−0.09M⊙ (68.3% credible level) [59]. It is
worth to notice that the effect of increasingMmax pointed
out in Ref. [43], that uses C = 0.01, is also obtained in
our model, in which C = 0.005.
Since the main quantities regarding the stellar mat-
ter description are determined, we now focus on the de-
formability calculation related to the neutron star binary
system studied in the GW170817 event [34–36]. For this
purpose, we need to obtain the dimensionless tidal de-
formability, written in terms of the (second) tidal Love
number k2 as Λ = 2k2/(3C
5), with C = M/R (M and
R are the mass and radius, respectively, of the neutron
star). k2 is evaluated through the following expression,
k2 =
8C5
5
(1 − 2C)2[2 + 2C(yR − 1)− yR]
×
{
2C[6− 3yR + 3C(5yR − 8)]
+ 4C3[13− 11yR + C(3yR − 2) + 2C
2(1 + yR)]
+ 3(1− 2C)2[2− yR + 2C(yR − 1)]ln(1− 2C)
}−1
,(7)
with yR ≡ y(R). The function y(r) is obtained through
the solution of a differential equation solved as part
of a coupled system of equations containing the TOV
ones [48, 60–64].
In Fig. 1, we show the results of Λ as a function of
the neutron star mass and the dimensionless deforma-
bilities related to the binary system of the GW170817
event. For the sake of comparison, we display results for
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FIG. 1. Results from the model with (RMF-SRC) and with-
out (RMF) SRC effects. (a) Λ as a function of M . Full
circle: result of Λ1.4 = 190
+390
−120 from Ref. [35]. (b) Dimen-
sionless tidal deformabilities for the case of high-mass (Λ1)
and low-mass (Λ2) components of the GW170817 event. The
confidence lines (90% and 50%) are also taken from Ref. [35].
the model with (RMF-SRC) and without (RMF) short-
range correlations included. From the figure, it is clear
that SRC favor the model to reach the GW170817 data,
4since Λ1.4 decreases in comparison with the model with-
out the effects, see panel (a), and the Λ2 × Λ1 curve
moves to the direction of the inner region of the LIGO
and Virgo Collaboration (LVC) data, as can be seen in
panel (b). In the calculations of Fig. 1b, we use the
range of 1.365 6 m1/M⊙ 6 1.60 [34] for the neutrons
star with mass m1 from the binary system, and the cor-
responding mass of the companion star, obtained through
[(m1m2)
3/5]/[(m1 +m2)
1/5] = 1.188M⊙ [34].
We also verified whether the SRC effects are re-
stricted or not to the reference model used in this work,
namely, the one with the bulk parameters given by ρ0 =
0.15 fm−3, B0 = −16.0 MeV, m
∗ = 0.60,K0 = 230 MeV,
J = 31.6 MeV and L0 = 58.9 MeV. For this purpose, we
change only one of these parameters while keeping the
other ones fixed. In that way, we ensure the particular
effect of the specific quantity we are changing. In Figs. 2
and 3 we display the results for such new parametriza-
tions.
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FIG. 2. Λ as a function of the neutron star mass for different
parametrizations of the RMF model with (dashed lines) and
without (full lines) SRC included. Orange square: upper limit
of Λ1.4 = 190
+390
−120 .
For example, in Figs. 2a and 3a we generate four
parametrizations, each one with ρ0 = 0.15 fm
−3, B0 =
−16.0 MeV, m∗ = 0.60, J = 31.6 MeV and L0 =
58.9 MeV fixed, but changing K0 as indicated in the pan-
els. For each particular parametrization, we tested the
effect of the SRC. The same procedure is performed for
the other isoscalar and isovector bulk parameters in the
remaining panels. The results show the same behavior
presented in Fig. 1, i.e., the SRC affects the dimension-
less deformabilities, namely, Λ1.4 and the Λ1 − Λ2 pair,
always in the direction of the LVC observational data.
The smaller effect of the SRC inclusion is observed for
the parametrization for which m∗ = 0.55. Neverthe-
less, it is also observed that the SRC effects are more
pronounced for parametrizations with higher values of
m∗. Notice that the differences between the models with
and without SRC are higher for parametrizations with
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FIG. 3. Λ1 × Λ2 for different parametrizations of the RMF
model with (dashed lines) and without (full lines) SRC in-
cluded. Orange lines: confidence lines of 90% and 50% from
Ref. [35].
m∗ > 0.60. Since M∗ =Mnuc − gσσ, it is possible to say
that the attractive interaction, represented by the scalar
σ filed, plays the major role regarding the effects pro-
duced by the inclusion of the SRC in the model. Such a
feature is verified in the deformability calculations.
Since we are able to generate different parametriza-
tions of the RMF model by changing independently
its bulk parameters, we performed an investigation on
the impact of these quantities in the dimensionless de-
formability related to the canonical star (M = 1.4M⊙),
namely, Λ1.4. The results are depicted in Fig. 4. For all
parametrizations, ρ0 = 0.15 fm
−3 and B0 = −16.0 MeV
are fixed. From the figure, one can notice a clear linear
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FIG. 4. Λ1.4 as a function of the bulk parameters: (a) K0,
(b)m∗, (c) J and (d) L0. Results for the model with (squares)
and without (circles) short-range correlations included. Full
lines: fitting curves.
correlation between Λ1.4 and the bulk parameters, with
5correlation coefficients around 1. Such relationships are
preserved even when the SRC are included in the model.
For this case, it is observed that this phenomenology fa-
vors the model to reach the limits of Λ1.4 = 190
+390
−120 from
the LVC, corroborating the findings exhibited in Fig. 2.
Furthermore, it is also clear that Λ1.4 is more sensitive to
variations of m∗, as we discussed above. Such a pattern
is confirmed in Fig. 4b, with a linear dependence clearly
established. We also notice that Λ1.4 is an increasing
function of K0 or L0, and decreases with J or m
∗. This
feature is also presented for the parametrizations of the
RMF-SRC model. Regarding the L0 dependence of Λ1.4,
it is worth noticing that such a pattern (increasing of
Λ1.4 with L0) was also observed in Ref. [65], in which the
authors used the empirical parabolic law for the energy
per particle as a function of the density and the isospin
asymmetry δ = 1 − 2y. Their findings and ours can be
indicative that the Λ1.4×L0 function may follows an in-
creasing behavior, and as we have shown, the SRC do
not break this pattern.
Other interesting results, obtained from the analysis of
Fig. 4, are the ranges of the bulk parameters extracted
from the relationships of these quantities with the limits
of Λ1.4 = 190
+390
−120. Since K0 and L0 can be negatives,
from the linear fitting curves, we focus on their maxi-
mum values, related to the upper limit of Λ1.4. They
are given by 230 MeV and 58 MeV, respectively, for the
RMF model. On the other hand, when SRC are in-
cluded, these numbers change to K0 = 280 MeV and
L0 = 74 MeV. For the incompressibility, it is found some
overlap of these ranges (with and without SRC) and the
current consensus of 220MeV 6 K0 6 260 MeV [66].
Concerning L0, it is also found an intersection with the
range of 25MeV 6 L0 6 115 MeV [67], or even the
more stringent ones given by L0 = 58.9 ± 16 MeV [43]
and L0 = 58.7 ± 28.1 MeV [68], for instance. For
both quantities, it is verified that the SRC enlarge the
overlaps between the values of K0 and L0 estimated
from the LVC data and the ones found by other pre-
dictions. Concerning the limits of J and m∗, the fitting
curves do not produce negative values for these quanti-
ties. For the symmetry energy, the limits found are quite
large, namely, 31.6MeV 6 J 6 108 MeV (RMF) and
20.8MeV 6 J 6 131 MeV (RMF-SRC), in comparison
with J = 31.6± 2.66 MeV [43], J = 31.7± 3.2 MeV [68]
and 25MeV 6 J 6 35 MeV [67]. For the effective
mass, the ranges are given by 0.60 6 m∗ 6 0.88 and
0.58 6 m∗ 6 0.79, respectively, for the RMF model and
the RMF-SRC one. Unlike the ranges of K0, L0 and J ,
the SRC reduce the range of m∗ obtained through the
association with Λ1.4 = 190
+390
−120.
Finally, by restricting our calculations to the ranges for
K0, L0, J and m
∗ given by the circles and squares pre-
sented in Fig. 4, we obtained the following results for the
radius of the neutron star with M ∼ 1.4M⊙: 12.45 km 6
R1.4 6 13.71 km (RMF) and 11.51 km 6 R1.4 6 13.61 km
(RMF-SRC). Such limits are in agreement with the
recent findings related to the millisecond pulsar PSR
J0030+0451, namely, R1.4 = 13.89
+1.22
−1.39 km [69] and
R1.4 = 13.02
+1.24
−1.06 km [70], determined from the data
coming from the NASA’s Neutron Star Interior Compo-
sition Explorer (NICER) mission.
IV. SUMMARY AND CONCLUDING
REMARKS
In this work we analyzed the effects of the short-
range correlations (SRC) on the dimensionless deforma-
bility related to the binary neutron star system of the
GW170817 event. For the RMF model used in this work,
in which ρ0 = 0.15 fm
−3, B0 = −16.0 MeV, m
∗ = 0.60,
K0 = 230 MeV, J = 31.6 MeV and L0 = 58.9 MeV, we
verified that the inclusion of the SRC favor the model
to reach the constraint of Λ1.4 = 190
+390
−120 (regarding the
neutron star of M = 1.4M⊙) and that one observed in
the Λ1 × Λ2 region, as we shown in Fig. 1. This feature
is not restricted to this particular model. We verified
that the impact of the SRC is the same even for different
parametrizations (different bulk parameters), as exhib-
ited in Figs. 2 and 3. The SRC are more pronounced
with respect to variations of m∗, which shows a more im-
portant role of the attractive interaction represented by
the scalar field σ.
We also analyzed that Λ1.4 is strongly correlated with
the isoscalar quantities K0 and m
∗, and the isovector
ones J and L0. The relationships remain the same, i.e.,
a linear dependence, even when SRC are included, ac-
cording to the findings pointed out in Fig. 4. It was
also verified that the ranges for the bulk parameters, as-
sociated with Λ1.4 = 190
+390
−120, present some overlap with
other constraints onK0, J and L0 obtained from different
predictions. Finally, the calculations with the RMF and
RMF-SRC models pointed out to compatible numbers for
R1.4 in comparison with the data obtained from the Neu-
tron Star Interior Composition Explorer (NICER) mis-
sion.
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